Introduction {#Sec1}
============

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by insufficient or relatively insufficient insulin secretion, combined with insulin resistance, glucose and lipid metabolism disorders, and various chronic complications \[[@CR1], [@CR2]\]. According to the International Diabetes Federation, at present, 425 million people globally suffer from diabetes; this number will increase to 629 million by 2045 \[[@CR3]\].

Metformin is the first treatment choice for T2DM patients, as recommended by the guidelines \[[@CR4]--[@CR6]\]. However, when the disease is prolonged, the insulin function of patients declines, and they often experience chronic complications \[[@CR7]\]. Monotherapy or increasing the therapeutic dose of metformin cannot effectively control blood glucose; thus, a combined approach with other oral antidiabetic agents with different mechanisms of action should be adopted. Oral delivery of antidiabetic agents is widely used owing to high patient adherence; the currently approved second-line oral antidiabetic agents include sodium-glucose co-transporter-2 (SGLT-2) inhibitors, dipeptidyl peptidase 4 (DPP-4) inhibitors, thiazolidinediones (TZDs), sulfonylureas (SUs), alpha-glucosidase inhibitors (AGIs), and meglitinides. Various factors contribute to the selection of second-line oral antidiabetic drugs (OADs). Besides hypoglycemic effects, it is important to consider the incidence of cardiovascular events and mortality. To provide the best treatment to patients, clinicians must balance patient compliance, glucose-lowering efficacy, drug-to-drug interactions, and the side-effect profiles of the above mentioned hypoglycemic agents.

In contrast to traditional meta-analyses which rely on direct comparisons and fail to assess the relative effects of various interventions simultaneously \[[@CR8]\], a network meta-analysis (NMA) can be used to evaluate multiple direct or indirect interventions and to quantify and sort the efficacy and safety of each of these measures, so as to screen the most effective and tolerable interventions \[[@CR9]\]. To provide a more complete profile of the efficacy and safety of OADs in patients with T2DM uncontrolled on metformin, we conducted a systematic review and network meta-analysis.

Methods {#Sec2}
=======

Search Strategy {#Sec3}
---------------

We searched multiple databases, including PubMed, the Cochrane Library, and Embase, for randomized clinical trials (RCTs) from inception to October 20, 2017. Search terms included "SGLT-2 inhibitor," "DPP-4 inhibitor," "SU," "TZD," "AGI," "meglitinide," "diabetes mellitus," and "RCT." Detailed search strategies are listed in Table S1 of the Electronic supplementary material (ESM). Additional reference lists from review articles and ClinicalTrials.gov were also searched to identify published and unpublished trials. No language restrictions were applied.

Study Selection and Data Extraction {#Sec4}
-----------------------------------

Eligible studies had to meet the following criteria: (1) RCTs with full-text publication; (2) patients with T2DM inadequately controlled on metformin monotherapy (initial metformin dose: ≥ 1500 mg/day or 1000 mg/day); (3) study duration ≥ 24 weeks; (4) the drug classes targeted in our comparison were SGLT-2 inhibitors, DPP-4 inhibitors, SUs, TZDs, AGIs, metformin (high-dose metformin, ≥ 2000 mg/day), and meglitinides; (5) at least one of our selected outcomes was presented in the included published articles. Efficacy outcomes included glycated hemoglobin (HbA1c), fasting plasma glucose (FPG), 2-h postprandial glucose (2-h PPG), and body weight. Safety outcomes included major adverse cardiovascular events (MACEs), all-cause mortality, hypoglycemia, serious adverse events (SAEs), urinary tract infection (UTI), and diarrhea. MACE comprised cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke. The following patients were excluded: (1) pregnant patients; (2) children (≤ 18 years); (3) patients with a severe cardiovascular disease or inadequate liver and renal function.

Two authors (D.Q. and T.Z.) independently screened references and extracted data using a predefined data collection form including first author (publication year); trial registration number; interventions; sample size; follow-up duration; mean age; mean sex; mean HbA1c; mean body weight; mean body mass index (BMI); and mean diabetes duration. The third author (P.Z.) resolved any discrepancy. Primary safety outcomes included MACEs and all-cause mortality, and primary efficacy outcomes included HbA1c and body weight. The longest follow-up period was considered for studies with different follow-up durations. Data were extracted from ClinicalTrials.gov if relevant information was not available in the published literature. When both published and unpublished data were available, the published data were used. Ethical approval was not required for this meta-analysis.

Risk of Bias {#Sec5}
------------

Study quality was evaluated by two authors (D.Q. and P.Z.) based on the Cochrane risk-of-bias tool \[[@CR10]\]. The assessment details included random sequence generation, allocation concealment, blinding, missing outcome data, and selective reporting.

Statistical Analysis {#Sec6}
--------------------

Pairwise analyses and NMAs were conducted to calculate odds ratios (ORs) for dichotomous variables (MACEs, all-cause mortality, SAEs, hypoglycemia, UTI, and diarrhea) and weighted mean differences (WMDs) for continuous variables (HbA1c, body weight, FPG, and 2-h PPG), together with the corresponding 95% confidence intervals (CIs).

For conventional pairwise meta-analysis, a DerSimonian--Laird random effects model was used \[[@CR11]\]. Statistical heterogeneity was measured using the*I*^2^ statistic, and was judged as low (\< 25%), moderate (25--75%), or high (\> 75%) \[[@CR12]\]. For NMA, a frequentist model was used \[[@CR13]\]. NMA was performed in Stata version 14.1 using the mvmeta and network commands and programmed Stata routines \[[@CR14], [@CR15]\]. The assumption of NMA allows for heterogeneity in intervention effects among studies \[[@CR16]\], but does not allow for significant differences in study design. To rank the probabilities of each intervention for various outcomes, we used rankograms, the surface under the cumulative ranking curve (SUCRA), and mean ranks. The SUCRA value reflects intervention effectiveness; the larger the SUCRA value, the better the intervention rank \[[@CR17]\]. A 0.5 zero-cell correction was applied before the meta-analysis when studies reported zero events \[[@CR18]\].

To check for model inconsistency, a loop-specific approach was used to assess the difference between direct and indirect estimates in each closed triangular or quadrangular loop \[[@CR19]\]. The heterogeneity among studies in each closed loop was evaluated using the inconsistency factor (IF). If the 95% CIs of IF values do not include zero, it shows that the IF direction is important \[[@CR20]\]. To check the global heterogeneity in networks, a "design-by-treatment" model was used \[[@CR21]\]. Additionally, the absence of small-study effects was tested for using a comparison-adjusted funnel plot \[[@CR22]\]. To test the robustness of our results, we performed a sensitivity analysis by excluding single-blinded and unblinded studies on the primary outcomes.

All analyses were conducted using Stata 14.1 software; *P* values of \< 0.05 were regarded as statistically significant.

Compliance with Ethics Guidelines {#Sec7}
---------------------------------

This article is based on previously conducted studies, and did not involve any participation of humans or animals.

Results {#Sec8}
=======

Study Characteristics and Quality Assessment {#Sec9}
--------------------------------------------

The literature search retrieved 12664 articles, 1411 of which were duplicates and were removed. After reviewing the titles and abstracts, 495 eligible studies were included for full-text screening; 68 eligible RCTs involving 36,746 adults fulfilled the inclusion criteria and were included in our NMA (Fig. [1](#Fig1){ref-type="fig"}). The involved studies were published from 2000 to 2017 and the follow-up periods ranged from 24 to 208 weeks. The mean patient age in each study was 52--72.7 years; mean baseline HbA1c, 6.9--9.0%; mean baseline weight, 63.9--99.3 kg; and the mean duration of diagnosed diabetes, 4.1--14.2 years. Table S2 of the ESM provides detailed information on the included trials. The results of a bias risk assessment are shown in Table S3 of the ESM. Some studies did not provide information on randomization, allocation concealment, and blinding methods.Fig. 1Flow chart of the search for eligible studies

Network Consistency {#Sec10}
-------------------

Network maps for all outcomes are graphically displayed in Fig. S1 of the ESM. There was no loop inconsistency between evidence derived from direct and indirect comparisons because the 95% CIs of IF values included zero, with the exception of the direct and indirect comparison in the placebo-DPP4-AGI closed loop for HbA1c (Table S4 of the ESM). Additionally, the design-by-treatment model did not detect global inconsistency within any network (*p* all \> 0.05, Table S5 of the ESM). Results of pairwise random-effects meta-analyses for all outcomes are displayed in Table S6 of the ESM, and the contribution of each study to the NMA is shown in Table S7 of the ESM.

Meta-Analysis {#Sec11}
-------------

### Primary Efficacy Outcomes: Glycated Hemoglobin and Body Weight {#Sec12}

Changes in HbA1c from baseline were reported in 66 RCTs. NMA results demonstrated a mean HbA1c reduction for all drug classes compared with placebo when added to metformin: − 0.73% (95% CI − 0.84 to − 0.62) for SGLT-2 inhibitors; − 0.65% (95% CI − 0.73 to − 0.56) for DPP-4 inhibitors; − 0.69% (95% CI − 0.80 to − 0.57) for SUs; − 0.73% (95% CI − 0.87 to − 0.58) for TZDs; − 0.75% (95% CI − 0.95 to − 0.55) for AGIs; − 0.49% (95% CI − 0.70 to − 0.28) for high-dose metformin; and − 0.53% (95% CI − 0.94 to − 0.11) for meglitinides (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM). There were no significant differences in HbA1c level reduction between any class of OADs when added to metformin, with the exception of the comparison between SGLT-2 inhibitors and high-dose metformin \[− 0.24% (95% CI − 0.46 to − 0.01)\].Table 1Summary of the effects of oral antidiabetic drugs in type 2 diabetes patientsWMD/OR (95% CI)HbA1c,  % (lower left side)2-h postprandial glucose, mmol/l (upper right side)PLA− **3.07 (− 4.12, − 2.03)− 1.71 (− 2.26, − 1.15)− 1.62 (− 2.68, − 0.56)− 1.95 (− 3.70, − 0.20)− 2.19 (− 3.37, − 1.01)− 1.50 (− 2.99, − 0.01)**--**− 0.73 (− 0.84, − 0.62)SGLT21.37 (0.32, 2.42)1.45 (0.07, 2.84)**1.12 (− 0.84, 3.09)0.88 (− 0.63, 2.39)1.58 (− 0.16, 3.31)--** − 0.65 (− 0.73, − 0.56)**0.08 (− 0.03, 0.19)**DPP4**0.09 (− 0.82, 0.99)− 0.24 (− 1.91, 1.42)− 0.48 (− 1.62, 0.65)0.21 (− 1.17, 1.59)--**− 0.69 (− 0.80, − 0.57)**0.04 (− 0.09, 0.16)− 0.04 (− 0.13, 0.05)**SU**− 0.33 (− 1.73, 1.07)− 0.57 (− 2.02, 0.88)0.12 (− 1.53, 1.78)--**− 0.73 (− 0.87, − 0.58)**− 0.00 (− 0.16, 0.16)− 0.08 (− 0.22, 0.05)− 0.04 (− 0.16, 0.08)**TZD**− 0.24 (− 2.26, 1.77)0.45 (− 1.71, 2.62)--**− 0.75 (− 0.95, − 0.55)**− 0.02 (− 0.24, 0.19)− 0.10 (− 0.30, 0.09)− 0.06 (− 0.27, 0.15)− 0.02 (− 0.26, 0.21)**AGI**0.69 (− 1.10, 2.48)--**− 0.49 (− 0.70, − 0.28)0.24 (0.01, 0.46)**0.16 (− 0.04, 0.35)0.20 (− 0.02, 0.42)0.24 (0.00, 0.48)0.26 (− 0.02, 0.54)**Met**--**− 0.53 (− 0.94, − 0.11)**0.20 (− 0.22, 0.62)0.12 (− 0.29, 0.53)0.16 (− 0.24, 0.56)0.20 (− 0.22, 0.62)0.22 (− 0.23, 0.67)− 0.04 (− 0.49, 0.41)**Meglitinide**Fasting plasma glucose, mmol/l (lower left side)Body weight, kg (upper right side)**PLA− 2.23 (− 2.55, − 1.91)**− 0.11 (− 0.39, 0.18)**2.00 (1.63, 2.36)2.53 (1.95, 3.10)− 0.82 (− 1.61, − 0.04)**− 0.62 (− 1.46, 0.23)--**− 1.49 (− 1.69, − 1.28)SGLT22.12 (1.79, 2.45)4.22 (3.86, 4.59)4.76 (4.17, 5.34)1.41 (0.59, 2.22)1.61 (0.75, 2.47)**--**− 0.95 (− 1.10, − 0.79)0.54 (0.34, 0.75)DPP42.10 (1.83, 2.37)2.63 (2.12, 3.14)**− 0.72 (− 1.48,0.05)− 0.51 (− 1.30, 0.28)--**− 1.11 (− 1.34, − 0.89)0.37 (0.13, 0.62)**− 0.17 (− 0.34, 0.00)**SU0.53 (0.03, 1.03)− 2.82 (− 3.63, − 2.01)− 2.61 (− 3.45, − 1.77)**--**− 1.26 (− 1.60, − 0.91)**0.23 (− 0.13, 0.59)**− 0.31 (− 0.62, − 0.00)**− 0.14 (− 0.43, 0.15)**TZD− 3.35 (− 4.27, − 2.43)− 3.14 (− 4.09, − 2.20)**--**− 1.07 (− 1.42, − 0.71)0.42 (0.03, 0.82)**− 0.12 (− 0.47, 0.22)0.05 (− 0.33, 0.43)0.19 (− 0.27, 0.65)**AGI**0.21 (− 0.90, 1.31)--− 0.26 (− 0.71, 0.18)**1.23 (0.77, 1.69)0.69 (0.27, 1.10)0.86 (0.41, 1.30)1.00 (0.48, 1.51)0.81 (0.27, 1.34)Met**--**− 0.92 (− 1.70, − 0.15)**0.56 (− 0.22, 1.34)0.02 (− 0.74, 0.78)0.19 (− 0.55, 0.93)0.33 (− 0.46, 1.12)0.14 (− 0.69, 0.97)− 0.67 (− 1.53, 0.20)**Meglitinide**All−cause mortality (lower left side)Major adverse cardiovascular event (upper right side)**PLA**0.55 (0.27, 1.11)0.55 (0.27, 1.15)0.80 (0.37, 1.74)1.82 (0.30,11.06)------0.62 (0.22, 1.75)**SGLT2**1.01 (0.53, 1.94)1.46 (0.77, 2.77)3.33 (0.57,19.43)------0.62 (0.24, 1.63)1.01 (0.44, 2.30)**DPP4**1.45 (0.97, 2.15)3.29 (0.63, 17.23)------0.82 (0.29, 2.29)1.32 (0.62, 2.81)1.31 (0.76, 2.25)**SU**2.28 (0.43, 12.14)------0.29 (0.02, 3.93)0.46 (0.04, 5.77)0.46 (0.04, 5.77)0.35 (0.03, 3.90)**TZD**------0.63 (0.01, 35.60)1.01 (0.02, 55.81)1.01 (0.02, 55.81)0.77 (0.01, 40.26)2.18 (0.02, 224.15)**AGI**----1.48 (0.08, 28.09)2.40 (0.13, 43.52)2.40 (0.13, 43.52)1.82 (0.11, 30.81)5.16 (0.13, 211.75)2.37 (0.02, 290.39)**Met**--0.79 (0.01, 45.95)1.28 (0.02, 69.84)1.28 (0.02, 66.94)0.97 (0.02, 49.23)2.75 (0.03, 275.42)1.26 (0.00, 334.66)0.53 (0.00, 67.59)**Meglitinide**Serious adverse events (lower left side)Hypoglycemia (upper right side)**PLA**0.73 (0.48, 1.10)0.70 (0.45, 1.10)**6.52 (4.07, 10.45)**0.74 (0.35, 1.57)0.95 (0.17, 5.30)1.00 (0.37, 2.73)**6.27 (2.24, 17.56)**0.79 (0.60, 1.05)**SGLT2**0.97 (0.66, 1.43)**8.99 (6.21, 13.01)**1.02 (0.51, 2.04)1.31 (0.24, 7.19)1.38 (0.52, 3.67)**8.64 (3.22, 23.21)**0.95 (0.72, 1.26)1.20 (0.93, 1.56)**DPP49.26 (7.11, 12.05)**1.05 (0.55, 1.99)1.35 (0.26, 7.09)1.42 (0.58, 3.49)**8.89 (3.43, 23.08)**0.94 (0.69, 1.26)1.18 (0.93, 1.51)0.98 (0.83, 1.16)**SU0.11 (0.06, 0.20)0.15 (0.03, 0.78)0.15 (0.06, 0.39)**0.96 (0.38, 2.40)1.46 (0.89, 2.38)**1.84 (1.15, 2.95)1.53 (1.01, 2.32)1.56 (1.03, 2.35)TZD**1.28 (0.22, 7.61)1.35 (0.45, 4.08)**8.48 (2.85, 25.24)**0.38 (0.07, 2.11)0.48 (0.09, 2.65)0.40 (0.07, 2.16)0.40 (0.07, 2.21)0.26 (0.05, 1.48)**AGI**1.05 (0.16, 6.99)6.61 (0.97, 44.95)1.16 (0.28, 4.80)1.47 (0.36, 6.04)1.22 (0.30, 4.90)1.24 (0.31, 5.03)0.80 (0.19, 3.40)3.07 (0.34, 27.51)**Met6.27 (1.69, 23.29)**--------------**Meglitinide**Urinary tract infection (lower left side)Diarrhea (upper right side)**PLA**0.80 (0.50, 1.28)**0.67 (0.45, 0.99)**0.72 (0.46, 1.12)0.56 (0.28, 1.12)1.09 (0.26, 4.60)1.29 (0.47, 3.57)1.21 (0.90, 1.64)**SGLT2**0.83 (0.52, 1.35)0.89 (0.55, 1.44)0.70 (0.34, 1.46)1.36 (0.30, 6.17)1.61 (0.56, 4.62)1.12 (0.82, 1.51)0.92 (0.71, 1.19)**DPP4**1.07 (0.79, 1.44)0.84 (0.47, 1.51)1.62 (0.37, 7.23)1.93 (0.75, 4.93)1.11 (0.78, 1.57)0.91 (0.71, 1.18)0.99 (0.78, 1.26)**SU**0.79 (0.44, 1.42)1.52 (0.34, 6.89)1.80 (0.67, 4.83)0.73 (0.23, 2.34)0.61 (0.19, 1.91)0.66 (0.22, 2.01)0.66 (0.21, 2.08)**TZD**1.93 (0.39, 9.53)2.29 (0.76, 6.92)3.37 (0.13, 86.25)2.78 (0.11, 70.81)3.03 (0.12, 76.25)3.05 (0.12, 77.54)4.60 (0.15, 139.81)**AGI**1.19 (0.20, 6.92)------------**Met**Bold fonts indicate statistically significant differences*WMD* weighted mean differences, *OR* odds ratios, *CI* confidence internals, *HbA1c* glycated hemoglobin, *PLA* placebo. *SGLT2* sodium-glucose co-transporter-2 inhibitor, *DPP4* dipeptidyl peptidase-4 inhibitor, *AGI* alpha-glucosidase inhibitor, *TZD* thiazolidinedione, *Met* high-dose metformin, *SU* sulfonylurea

Evidence was available from 46 RCTs for body weight change from baseline across the network. Compared with placebo, NMA showed a significant mean change in body weight for some of the assessed OADs when added to metformin: − 2.23 kg (95% CI − 2.55 to − 1.91) for SGLT-2 inhibitors; − 0.82 kg (95% CI − 1.61 to − 0.04) for AGIs; 2.00 kg (95% CI 1.63--2.36) for SUs; and 2.53 kg (95% CI 1.95--3.10) for TZD, while no differences were found for the DPP-4 inhibitors \[− 0.11 kg (95% CI − 0.39 to 0.18)\] and high-dose metformin \[− 0.62 kg (95% CI − 1.46 to 0.23)\] (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM). The SGLT-2 inhibitors reduced body weight to a greater extent than all other OADs.

### Secondary Efficacy Outcomes: FPG and 2-h PPG {#Sec13}

Fifty-seven RCTs reported changes in FPG. NMA results revealed that a FPG reduction was brought about by the following agents as opposed to placebo when combined with metformin: − 1.49 mmol/l (95% CI − 1.69 to − 1.28) for SGLT-2 inhibitors; − 0.95 mmol/l (95% CI − 1.10 to − 0.79) for DPP-4 inhibitors; − 1.11 mmol/l (95% CI − 1.34 to − 0.89) for SUs; − 1.26 mmol/l (95% CI − 1.60 to − 0.91 for TZDs; − 1.07 mmol/l (95% CI − 1.42 to − 0.71) for AGIs; − 0.26 mmol/l (95% CI − 0.71 to 0.18) for high-dose metformin; and − 0.93 mmol/l (95% CI − 1.70 to − 0.15) for meglitinides. Among all drug classes, SGLT-2 inhibitors showed greater FPG reductions than other OADs, while TZDs \[− 0.23 mmol/l (95% CI − 0.60 to 0.13)\] and meglitinide \[− 0.56 mmol/l (95% CI − 1.35 to 0.22)\] showed no significant difference in FPG levels (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM).

Levels of 2-h PPG were known from 16 RCTs. NMA results showed a mean 2-h PPG reduction for all drug classes compared with placebo when added to metformin: − 3.07 mmol/l (95% CI − 4.12 to − 2.03) for SGLT-2 inhibitors; − 1.71 mmol/l (95% CI − 2.26 to − 1.15) for DPP-4 inhibitors; − 1.62 mmol/l (95% CI − 2.68 to − 0.56) for SUs; − 1.95 mmol/l (95% CI − 3.70 to − 0.20) for TZDs; − 2.19% (95% CI − 3.37 to − 1.01) for AGIs; and − 1.50 mmol/l (95% CI − 2.99 to − 0.01) for high-dose metformin (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM). Among all drug classes, the SGLT-2 inhibitor reduced 2-h PPG to a greater extent than the DPP-4 inhibitor \[− 1.37 mmol/l (95% CI − 2.42 to − 0.32)\] and SU \[− 1.45 mmol/l (95% CI − 2.84 to − 0.07)\].

### Primary Safety Outcomes: MACEs and All-Cause Mortality {#Sec14}

MACE data were available for 33 RCTs involving 23,168 patients. NMA results revealed that there was no statistically significant difference in the OR of MACEs between any of the classes of OADs when they were added to metformin. Data on all-cause mortality were available from 36 RCTs involving 29,373 patients. There was no association between any class of OADs and the OR of all-cause mortality (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM).

### Secondary Safety Outcomes: Hypoglycemia, SAEs, UTI and Diarrhea {#Sec15}

Evidence on hypoglycemia events was available from 48 RCTs. NMA results showed an increased hypoglycemia risk compared with placebo when added to metformin for some of the studied drugs: \[OR, 6.52 (95% CI 4.07--10.45)\] for SUs and \[OR, 6.27 (95% CI 2.24--17.56)\] for meglitinides. Compared with SUs, all classes of OADs were associated with a lower hypoglycemia risk, with the exception of meglitinides \[OR, 0.96 (95% CI 0.38--2.40)\], which showed no significant difference in hypoglycemia risk (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM).

Compared with placebo, NMA showed no statistically significant difference in the ORs of SAEs, UTI, or diarrhea, with the exception of a lower OR for diarrhea for DPP-4 inhibitors \[odds ratio (OR), 0.67 (95% CI 0.45--0.99)\], when it was added to metformin. Compared with TZDs, SGLT-2 inhibitors \[OR, 0.54 (95% CI 0.34--0.87)\], DPP-4 inhibitors \[OR, 0.65 (95% CI 0.43--0.99)\], and SUs \[OR, 0.64 (95% CI 0.43--0.97)\] were associated with a significantly lower SAE risk. No significant differences in the ORs of UTI or diarrhea were observed between any of the drug classes when they were added to metformin (Table [1](#Tab1){ref-type="table"}, Fig. S2 of the ESM).

Ranking of Interventions and Cluster Analysis {#Sec16}
---------------------------------------------

As shown in Table [2](#Tab2){ref-type="table"}, the SUCRA results revealed that in terms of efficacy aspects, including body weight, FPG, and 2-h PPG, the SUCRA value was highest with SGLT-2 inhibitors + metformin (body weight: 100%; FPG: 97.3%; 2-h PPG: 95.1%). For HbA1c, the SUCRA value was highest in AGIs (79.3%). For safety aspects like MACEs and SAEs, TZDs + metformin had the lowest SUCRA value (MACEs: 15.2%; SAEs: 9.7%). Regarding all-cause mortality, UTI, and diarrhea, the highest SUCRA value was found in TZDs + metformin (all-cause mortality: 75.1%; UTI: 75.3%; diarrhea: 83.9%). With respect to hypoglycemia, the lowest SUCRA value was for SUs + metformin (6.4%), while DPP-4 + metformin had the highest SUCRA value (77.7%). The results of the cluster analysis based on SUCRA values is shown in Fig. [2](#Fig2){ref-type="fig"}, and interventions with the same color belong to the same cluster. Treatments located in the upper right corner were superior to the other treatments. According to the cluster analysis results, SGLT-2 inhibitors were associated with a better effect on efficacy and safety outcomes than the other studied drugs when the inhibitor was added to metformin.Table 2Results of the surface under the cumulative ranking curve (SUCRA)TreatmentsSUCRA valuesHbA1c2-h PPGFPGBody weightAll-cause mortalityMACEHypoglycemiaSAEUTIDiarrheaPlacebo**0.10.72.1**39.132.527.946.9426826SGLT-2 Inhibitor77.5**95.197.3100**60.181.574.1**77.6**31.549.2DPP-4 inhibitor45.845.839.748.960.6**82.777.7**48.747.973.5Sulfonylurea63.34262.916.440.342.6**6.4**50.752.662.5Thiazolidinedione76.25978.7**0.375.115.2**72.1**9.775.383.9**AGI**79.3**67.456.776.451.4NA^j^60.684.8**24.9**34Met22.440.113.568.9**31.4**NA53.936.4NA**20.9**Meglitinide36.4NA49.2NA48.6NA8.4NANANABoldface is used to indicate the highest and lowest SUCRA values for each parameter*SUCRA* surface under the cumulative ranking curve, *AGI* alpha-glucosidase inhibitor, *HbA1c* glycated hemoglobin, *Met* high-dose metformin, *2-h PPG* 2-h postprandial glucose, *FPG* fasting plasma glucose, *MACE* major adverse cardiovascular event, *SAE* serious adverse event, *UTI* urinary tract infection, *NA* not applicable Fig. 2a--bClustered ranking plots of the network. **a** MACE (*x*-axis) and HbA1c (*y*-axis); **b** hypoglycemia (*x*-axis) and HbA1c (*y*-axis). *MACE* major adverse cardiovascular event, *SGLT2* sodium-glucose co-transporter-2 inhibitor, *DPP4* dipeptidyl peptidase-4 inhibitor, *AGI* alpha-glucosidase inhibitor, *TZD* thiazolidinedione, *Met* high-dose metformin, *SU* sulfonylurea

Sensitivity Analysis and Publication Bias {#Sec17}
-----------------------------------------

In a sensitivity analysis excluding single-blinded and unblinded studies, there was no major change in the primary outcomes (Table [3](#Tab3){ref-type="table"}, Table S8 of the ESM). Comparison-adjusted funnel plots for primary outcomes are shown in Fig. S3 of the ESM indicating no evidence of a small-study effect in the network.Table 3Sensitivity analyses and rank order for the primary outcomesTreatmentComplete analysisSUCRARankExcluding single-blinded and unblinded studiesSUCRARankMACE SGLT-2 inhibitor0.55 (0.27, 1.11)81.520.57 (0.27, 1.22)77.42 DPP-4 inhibitor0.55 (0.27, 1.15)82.710.55 (0.25, 1.20)84.41 Sulfonylurea0.80 (0.37, 1.74)42.630.80 (0.36, 1.80)43.53 Thiazolidinedione1.82 (0.30, 11.06)15.241.81 (0.29, 11.16)15.74All-cause mortality SGLT-2 inhibitor0.62 (0.22, 1.75)60.130.65 (0.22, 1.89)56.23 DPP-4 inhibitor0.62 (0.24, 1.63)60.620.62 (0.23, 1.67)60.92 Sulfonylurea0.82 (0.29, 2.29)40.360.82 (0.29, 2.37)35.85 Thiazolidinedione0.29 (0.02, 3.93)75.110.29 (0.02, 4.00)74.71 AGI0.63 (0.01, 35.60)51.440.77 (0.04, 15.12)45.14 Met1.48 (0.08, 28.09)31.47NA^g^NANA Meglitinide0.79 (0.01, 45.95)48.65NANANAHbA1c SGLT-2 inhibitor− 0.73 (− 0.84, − 0.62)77.52− 0.72 (− 0.84, − 0.60)77.42 DPP-4 inhibitor− 0.65 (− 0.73, − 0.56)45.85− 0.62 (− 0.70, − 0.53)43.85 Sulfonylurea− 0.69 (− 0.80, − 0.57)63.34− 0.65 (− 0.77, − 0.54)57.24 Thiazolidinedione− 0.73 (− 0.87, − 0.58)76.23− 0.65 (− 0.81, − 0.50)58.23 AGI− 0.75 (− 0.95, − 0.55)79.31− 0.99 (− 1.26, − 0.72)98.41 Met− 0.49 (− 0.70, − 0.28)22.47− 0.48 (− 0.81, − 0.15)30.57 Meglitinide− 0.53 (− 0.94, − 0.11)36.46− 0.49 (− 0.89, − 0.10)34.46Body weight SGLT-2 inhibitor− 2.23 (− 2.55, − 1.91)1001− 2.10 (− 2.46, − 1.74)98.81 DPP-4 inhibitor− 0.11 (− 0.39, 0.18)48.94− 0.07 (− 0.39, 0.25)55.33 Sulfonylurea2.00 (1.63, 2.36)16.452.05 (1.66, 2.44)19.64 Thiazolidinedione2.53 (1.95, 3.10)0.362.64 (2.01, 3.27)0.45 AGI− 0.82 (− 1.61, − 0.04)76.42− 0.89 (− 2.30, 0.52)76.82 Met− 0.62 (− 1.46, 0.23)68.93NANANA*SUCRA* surface under the cumulative ranking curve, *SGLT-2* sodium-glucose co-transporter-2 inhibitor, *DPP-4* dipeptidyl peptidase-4 inhibitor, *AGI* alpha-glucosidase inhibitor, *Met* high-dose metformin, *MACE* major adverse cardiovascular event, *NA* not applicable

Discussion {#Sec18}
==========

To provide a comprehensive picture of OADs added to metformin and evidence for clinicians and patients to use during decision-making, we conducted NMA to combine the high-quality data on all the available interventions from the most up-to-date RCTs and simultaneously compare the efficacy and safety of OADs as add-on treatments in patients with T2DM uncontrolled on metformin. We found no significant differences in the risk of MACEs and all-cause mortality between any class of OADs used as add-ons to metformin.

Compared with placebo, all classes of OADs improved glucose control (by decreasing HbA1c, FPG, and 2-h PPG levels) when added to metformin. With the exception of high-dose metformin, which achieved significantly higher HbA1c values than SGLT-2 inhibitors, all classes of OADs were associated with similarly large reductions in HbA1c levels when added to metformin. Compared with DPP-4 inhibitors, SUs, and AGIs combined with metformin or high-dose metformin, SGLT-2 inhibitors as an add-on to metformin were associated with the greatest reductions in FPG levels, whereas high-dose metformin ranked the lowest for HbA1c, FPG, and 2-h PPG reduction. Among the add-ons to metformin, SUs and TZDs were associated with more weight gain, while SGLT-2 inhibitors resulted in the largest weight loss. When used as add-ons to metformin, SGLT-2 and DPP-4 inhibitors were associated with infrequent hypoglycemia, while SUs had a higher hypoglycemia risk and were ranked the worst.

The cardiovascular safety of antidiabetic medications has been the focus of recent studies because T2DM patients have been at increased risk of cardiovascular events and mortality \[[@CR23], [@CR24]\]. Consistent with the meta-analysis conducted by Palmer et al. \[[@CR25]\], our NMA findings demonstrated that there was no statistical difference in the risk of MACEs or all-cause mortality between any of the classes of OADs when added to metformin. Contrastingly, previous meta-analyses conducted by Wu et al. \[[@CR26]\] and Saad et al. \[[@CR27]\] demonstrated that SGLT-2 inhibitors had a favorable effect on cardiovascular events compared with placebo and other OADs, including DPP-4 inhibitors, SUs, and TZDs. However, those favorable results were heavily affected in the EMPA-REG OUTCOME trial \[[@CR28]\] (NCT01131676) in which no clear differences were found for other SGLT-2 inhibitors, including canagliflozin, dapagliflozin, and ertugliflozin. In that trial, adding empagliflozin to the standard of care significantly reduced the risk of MACEs by 14%, cardiovascular death by 38%, and all-cause mortality by 32% versus placebo \[[@CR28]\]. After excluding the EMPA-REG OUTCOME trial, Tang et al. \[[@CR29]\] found no significant difference in the risk of MACEs and all-cause mortality between SGLT-2 inhibitors and placebo. We also did not include that trial in our analysis because it did not focus on dual-therapy regimens with metformin; therefore, no cardiovascular benefit was observed with SGLT-2 inhibitors. Currently, empagliflozin is recommended in the 2017 American Diabetes Association (ADA) guidelines as an add-on therapy for patients with established cardiovascular disease after exhibiting a cardiovascular benefit in RCTs \[[@CR30]\]. A recent study demonstrated that patients treated with canagliflozin had a lower risk of cardiovascular events than those who received a placebo, while cardiovascular outcome data for dapagliflozin were insufficient \[[@CR31]\]. Ongoing cardiovascular outcome trials with canagliflozin \[[@CR32]\], dapagliflozin \[[@CR33]\], and ertugliflozin \[[@CR34]\] are warranted to assess whether the benefits of cardiovascular events are a class effect or a specific drug effect, and future studies on cardiovascular safety after SGLT-2 inhibitor addition to metformin should be prioritized.

When endogenous glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) levels are increased, DPP-4 inhibitors promote insulin release from islet β cells and inhibit glucagon secretion from islet α cells to decrease the blood glucose level \[[@CR35]\]. It has been reported that DPP-4Is might exert some of their effects on insulin secretion by preserving intact GLP-1 and GIP secreted from alpha cells, although the insulinotropic effect of GIP has been shown to be reduced in patients with type 2 diabetes \[[@CR36]--[@CR38]\]. Several studies have found no definitive evidence supporting the cardiovascular benefits of DPP-4 inhibitors or TZDs \[[@CR39]--[@CR43]\]. One large-scale study directly compared the effects of pioglitazone and SUs as add-ons to metformin on cardiovascular outcomes, and no significant differences in nonfatal myocardial infarction, nonfatal stroke, and all-cause mortality were observed between them \[[@CR44]\]. These findings were consistent with our study results. An ongoing study entitled "Cardiovascular outcomes in participants with type 2 diabetes mellitus" will provide further insights into the cardiovascular outcomes of SGLT-2 inhibitors, DPP-4 inhibitors, SUs, and TZDs \[[@CR45]\].

There is a close relationship between obesity and cardiovascular risk. Being overweight may aggravate insulin resistance and increase cardiovascular risk and mortality among T2DM patients \[[@CR46], [@CR47]\]. Therefore, reducing weight is a crucial way to reduce diabetic patient mortality. Additionally, weight loss improves β-cell function, possibly by reducing insulin resistance, and enhances glycemic control \[[@CR48]\]. Patients in this study were overweight, with an average BMI of 30.9 kg/m^2^. Hence, clinicians should carefully consider the effects of antidiabetic agents on body weight when making treatment decisions; in particular, for overweight or obese diabetic patients, antidiabetic agents such as SUs and TZDs need to be avoided.

Compared with the therapeutic plan of dual therapy with metformin applied in previous studies \[[@CR25], [@CR26]\], our research incorporated studies involving the use of second-line OADs in cases where there was poor glycemic control when metformin was used as a first-line drug; this indicated better control of clinical heterogeneity and a more targeted conclusion. We analyzed the influence of OADs on MACEs, FPG level, 2-hPPG level, UTI, and diarrhea; these parameters were not evaluated in previous studies. However, our study has several limitations. First, in accordance with the American Diabetes Association for the Study of Diabetes position statement, we evaluated each class of OADs as a whole, even though there were some within-class differences \[[@CR49]\]. Moreover, the effect of dose differences in OADs on the therapeutic effect was not taken into account owing to the high level of inconsistency when the analysis was stratified by dosage. Thus, when they are applied clinically, the specific conditions of individual patients should be taken into account. Second, only a small number of studies reported MACEs (including zero events), which may have reduced the statistical robustness when calculating MACEs. Given the limited data available, the RCTs included for patients with MACEs were relatively broad, involving cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke; although this approach was more comprehensive, it increased the heterogeneity. Third, the numbers of participants in some treatment arms (such as SGLT-2i/Met versus DPP-4i/Met, and DPP-4i/Met versus AGI/Met) were vastly different for 2 h-PPG, which may limit the statistical power (increased potential for type 2 error). Further studies with a larger sample size and more head-to-head comparisons are required to substantiate the present results. Fourth, data sources in this study were mainly concentrated in the white population, and there was a relatively small sample of the Asian population. It is expected that there will be more clinical data from the Asian population in the future. Fifth, we did not assess the baseline age, baseline diabetes duration, duration of treatment, and duration of follow-up as effect modifiers on estimates for efficacy and safety outcomes; the focus of further studies should be on evaluating the effects of these variables. Finally, only one study that involved the addition of meglitinides to metformin for T2DM treatment was included in our study; this was accompanied by a relatively wide CI, which in turn resulted in a relatively low statistical robustness in the final results. Our results are limited in this regard. More data are needed to support our findings.

Conclusion {#Sec19}
==========

Our results suggest that the seven classes of OADs were not associated with any increased risk of MACEs or all-cause mortality when added to metformin. Most OADs were associated with similarly large reductions in HbA1c levels when added to metformin, while SGLT-2 inhibitors as add-ons to metformin might be the best option when considering factors including body weight, FPG, and 2-h PPG. As the evidence for cardiovascular safety in dual therapy with metformin is extremely limited, further evidence is awaited to confirm the findings of this analysis.
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